We have followed with interest the discussion in your journal and elsewhere of the contribution of genome-wide association studies (GWAS) to the elucidation of the aetiology of complex disorders. Although GWAS have been very successful in identifying specific loci and/or genomic regions that contribute to the causation of certain disorders, there has been some disappointment that only a small proportion of the heritability of many conditions has been accounted for. 1, 2 Although fully aware of the inherent limitations of GWAS, we nevertheless believe that the 'failure' of this approach may well have been overstated owing to previous misconceptions regarding available measures of heritability.
Back in 2007, Bourgain et al 3 advised caution against placing excessive expectations on the likely findings of GWAS, suggesting that they might well complement but would not completely supplant family-based linkage studies. Estivill and Armengol 4 also acknowledged the limitations of contemporary GWAS but hoped that the improved recognition of copy number variants (CNVs) -often in candidate genes or specific chromosomal regions -would overcome some of these difficulties. Subsequent studies of common CNVs of 41 kb in size have not, however, accounted for much more of the 'missing heritability' . 1,2 Could rare CNVs conceivably make a significant contribution? This has been suggested by Seng and Seng 5 , who recommended more and larger GWAS rather than a conceptual reassessment. Although Bodmer and Bonilla 6 opined that rare variants could indeed be of great importance in the context of common (complex) disorders, they advocated a wholly different approachthe study of candidate genes and the development of efficient sequencing strategies.
In his recent personal perspective on GWAS, van Ommen 7 recommended the massive accumulation of data, without previous hypotheses, as the way forward to solve the puzzle of complex disorders. Others have, however, taken issue with his gentle teasing of the classical Popperian approach to scientific endeavour. 8 We would like to strengthen the defence of Popper by pointing out that massive data collection merely shifts the point at which hypotheses have to be considered from pre-data collection (at the stage of experimental design) to post-data collection (at the data analysis stage). Popper need not feel too vulnerable just yet! Several studies have now shown that CNVs can contribute to both schizophrenia and autism, often but not always through de novo mutations. [9] [10] [11] Despite the recognition of this latter point, the question remains as to why these conditions are so heritable. 12 One recent review of this topic proposes a set of research strategies to pinpoint the 'missing heritability' that appears not to have been accounted for by any of the approaches used so far. 13 So, where is this 'missing heritability'? We respond to this question in two different ways. First, we believe that complex disorders are indeed complex and that genetic studies of complex disorders in humans face a number of challenges including gene-gene and geneenvironment interactions and epigenetic modification of the genome. Second, we shall argue that high estimates of heritability have been misinterpreted as showing that a predisposition to such a condition (one with high heritability) must have been transmitted through the family from parent to child. The complexity of these common conditions is apparent from the range of factors that need to be considered as potentially contributing to the 'missing heritability' . These can be rare variants whose significance is not yet recognised, less uncommon variants of small effect, or common variants of very small effect (very weakly penetrant). The suggested factors that are likely to account for at least some of the missing heritability include the following:
(i) Locus heterogeneity or 'multiple unilocus' disorders, 14 with each case resulting from mutation in one gene but, there being many such genes, each only accounting for a small fraction of the affected individuals in the population.
(ii) GeneÂgene and geneÂenvironment interactions. If these factors do indeed account for much of the missing heritability, then it may be manifest in the polymorphism maintained by various processes of selection, such as frequency-dependent selection, balancing or disruptive (antagonistic) selection (especially in relation to sex), heterozygote advantage, and environment-dependent effects; these processes collectively maintain high levels of polymorphism -as in Drosophila. 15 Moore and Williams 16 have considered the issues in some depth and it is encouraging that evidence for such interactions has emerged from reworking data from the Wellcome Trust Case-Control Consortium data sets. 17 Moore has commented that a biological appreciation of the effects of selection may be more readily apparent when phenotypes are grouped according to the pathway of development, metabolism, or function that is involved. 18 Within the field of geneÂenvironment interactions, we must not omit to consider epigenetic processes that may contribute substantially to a range of complex disorders, often through processes that permit the body to adapt over decades, or even across generations, to the environmental circumstances confronting the individual.
The question of natural selection operating in modern humans so as to maintain a high degree of genetic polymorphism in the population is highly contentious yet important if we are to understand complex disorders. If little selection is operating, then one potential explanation for the 'missing heritability' will be removed. Some commentators have searched for evidence of recent 19 or more ancient 20 selection and found few traces; more recent studies, however, have had more success in that the levels of polymorphism maintained by selection may be substantial. [21] [22] [23] Polymorphism maintained by selection may therefore contribute substantially to the aetiology of complex disorders.
(iii) Genetic variation in regulatory sequences modifying levels or patterns of gene expression, in regulatory gene sequences, and in regulatory genes (including almost certainly microRNA genes).
A number of other possible factors may account for some of the difficulty in identifying the genetic basis of the 'missing heritability' , in particular, the narrow range of populations studied in any depth, the scope for (so far undetected) rare variants (including structural variants) to contribute to disease causation, and environmental factors.
Finally, we come to the misinterpretation of the high estimates of heritability found in numerous studies of complex diseases in humans. These have been taken as demonstrating that such conditions must have been transmitted through the family from parent to child. When we recognise that this need not be so, the problem of the missing heritability may appear less daunting. The word 'heritability' has a tendency to seduce us into thinking that any trait with an abundance of this particular quality must necessarily be inherited; the idea that it could arise de novo seems counter-intuitive, although the situation is obvious once pointed out.
The diseases for which GWAS have had some success in identifying numerous contributory genetic loci (such as diabetes mellitus type 1 and Crohn's disease) are precisely those conditions in which one would expect natural selection to have been operating over the millennia, trading one effect on survival or reproductive success against another. As a result, substantial amounts of genetic polymorphism will have accumulated through the action of either antagonistic or balancing selection, ensuring that extensive polymorphism will have been present during the time required for GWAS to be able to contribute productively to today's research programmes. By contrast, those disorders in which most genetic variation has been predominantly harmful -either to physical or cognitive development, or to reproductive fitness -will tend to have a much smaller pool of ancient genetic variation capable of contributing to current disease. It follows that most of the genetic variation, which contributes to such disorders in contemporary humans, will be comparatively youngeither de novo mutations or else recent mutations originating over the last few generations, which will consequently be invisible to GWAS.
The above considerations are especially pertinent in the context of developmental disorders and psychiatric disease. It has long been clear that many disorders of physical and cognitive development and serious psychiatric conditions arise de novo in the absence of any previous family history. The finding that de novo CNVs are involved in the aetiology of psychiatric disease (eg, Xu et al 24 ) , however, strongly suggests that other new mutational events -probably including different types of subtle microlesion -may account for many additional cases. The proportion of observable CNVs that arise de novo is as yet unclear, but is significant enough to suggest that selection against these de novo variants is likely to be substantial. So, where is the 'missing heritability'? Most estimates of the heritability of serious psychiatric conditions have been derived from twin and adoption studies -ie, from comparisons between identical and fraternal twins or between identical twins brought up together or apart. In those cases caused by newly arisen mutations of large effect, the heritability of these disorders would appear to be fairly substantial because both of the identical twins will be affected (as the penetrance of the mutations will be high), whereas both of the fraternal twins will not usually be affected as only one of them will carry the mutation. (NB: It should also be appreciated that recurrence of a disorder within a sibship, or the occurrence of more severe disease in a child than in the less seriously affected parent, may both be consequences of parental mosaicism.) These assessments of heritability have in the past been interpreted as if the polygenic model of quantitative traits was equally applicable to these different disease contexts. However, it is now clear that we must allow for multiple, newly arisen Mendelian mutations (or contiguous gene CNVs). Although the measurements on which the original assessments of heritability were based may well have been accurate, and though the results did not conflict with the polygenic threshold model of complex disorders, the estimates of heritability obtained could nevertheless still have been spurious because the model of inheritance assumed to be applicable was incorrect. The heritability assessments did not allow for the frequent occurrence of new mutations.
The 'missing' heritability may therefore not be so much elusive as absent. To return to our earlier allusion to the philosophy of science, this is very much an instance of the crucial distinction between the induction-and verification-oriented Baconian on the one hand, and the falsification-oriented Popperian modes of thought on the other. Finding a substantial heritability for a disorder was taken, in the Baconian tradition, as confirmation (verification) of the explanatory model. The (Popperian) search for falsification is a much more powerful approach, however, as the heritability studies were not set up so as to falsify an alternative explanatory model. The measures of heritability used have therefore completely failed to distinguish between these two major possibilities.
In conclusion, and in sharp contrast to the views of Maniolo et al, 13 we believe that de novo CNVs, occurring in some cases at remarkably high frequencies, 2 could make a substantial contribution to disease heritability. Where they occur de novo in association with neurodevelopmental and psychiatric disorders, CNVs will almost certainly contribute to measurements of heritability in both twin and adoption studies, and perhaps even in some family-based studies incorporating parents and children. It is the biological interpretation of these estimates that has so often been flawed, not the measurements of heritability themselves. We believe that it is quite unreasonable to expect that GWAS can make a meaningful contribution to understanding those psychiatric and developmental disorders in which the major genetic contributions have arisen de novo as mutations of large effect.
Finally, we should remember that many smaller CNVs have been excluded from consideration in studies of chromosome structural variation and studies of disease-gene association, despite the fact that they seem to occur at higher frequencies than the CNVs of 41 kb. These smaller CNVs, which may or may not be located within the bounds of known, annotated genes (and which could encompass some of the myriad non-coding RNA genes), will have provided many opportunities for selection to ensure that disease-relevant variation has not been maintained in a population over time. The widespread existence of such under-researched genetic variation relevant to disease can only strengthen the case for which we are arguing here.
